Thellungiella parvula 1 is related to Arabidopsis thaliana and is endemic to saline, resource-poor habitats 2 , making it a model for the evolution of plant adaptation to extreme environments. Here we present the draft genome for this extremophile species. Exclusively by next generation sequencing, we obtained the de novo assembled genome in 1,496 gap-free contigs, closely approximating the estimated genome size of 140 Mb. We anchored these contigs to seven pseudo chromosomes without the use of maps. We show that short reads can be assembled to a near-complete chromosome level for a eukaryotic species lacking prior genetic information. The sequence identifies a number of tandem duplications that, by the nature of the duplicated genes, suggest a possible basis for T. parvula's extremophile lifestyle. Our results provide essential background for developing genomically influenced testable hypotheses for the evolution of environmental stress tolerance.
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We predicted gene models using FGENESH++, GENSCAN and BLAST (see URLs) searches to minimize false positive predictions. We based annotations on sequence similarity identified using independent BLAST searches and the Blast2GO pipeline (Online Methods). We manually inspected predicted open reading frames (ORFs) whose length deviated more than 20% from the putative A. thaliana homologs for exon merging or splitting. T. parvula contained a total of 28,901 predicted protein-coding ORFs. This is about 7% more than A. thaliana, which contains 27,059 proteincoding complementary DNAs (cDNAs) (excluding chloroplast and mitochondrial genes and based on the TAIR9 release). We mapped Illumina short read sequences from the transcriptome of young T. parvula plant tissues to 19,176 of these predicted ORFs (Online Methods and Supplementary Table 4) .
The mean size of the predicted ORFs was 1,252 bp, with 71% of the ORFs between 201 bp and 1,500 bp in length (Fig. 2a) . This distribution is similar to that of A. thaliana protein-coding cDNAs (Supplementary Fig. 3 ). The GC contents were substantially higher in exons than in introns and intergenic regions ( Table 1) . Based on sequence similarity searches to the NCBI nucleotide database, the primary matches for the T. parvula predicted ORFs were most frequently coding regions from Arabidopsis lyrata (53%), A. thaliana (29%) and B. rapa (5%) (Supplementary Table 5 ). BLASTn searches of T. parvula ORFs against A. thaliana cDNAs identified 25,783 (89%) hits (e value < 0.00001). Among these, 21,523 ORFs were of very similar lengths (80-120%) to their putative A. thaliana homologs (Fig. 2b) . The arrangement of predicted ORFs in the T. parvula genome showed extensive macro-synteny with A. thaliana with infrequent rearrangements (Supplementary Table 4) , mirroring the genome-wide alignments observed between A. thaliana chromosomes and T. parvula contigs. Each of the 20 largest T. parvula contigs consisted mostly of ORFs that shared sequence similarity with genes from a single A. thaliana chromosome, the exception being contig c3, which shared similarity with genes from three chromosomes (Supplementary Table 6 ).
A total of 3,118 predicted ORFs had no BLASTn hits to A. thaliana cDNAs even at lowered stringency levels (e value > 0.001). We have listed these as unidentified ORFs in Supplementary Table 4 . Notably, these putative ORFs were enriched in regions containing larger numbers of repetitive sequences, possibly indicating T. parvulaspecific transposable elements (for example, contigs c17 and c18 in Supplementary Table 6 and the histograms in the outer circle of Fig. 1a) . The draft genome also includes 86.6 kb of noncoding RNAs based on sequence searches against microRNA (miRNA) and other noncoding RNA databases (Supplementary Tables 2,7) .
We assigned Gene Ontology (GO) terms for the T. parvula predicted ORFs using the Blast2GO pipeline 12 and compared them with the A. thaliana transcriptome ( Fig. 2 and Supplementary Table 8 ).
In the GO class 'biological processes' , subcategories of 'response to abiotic or biotic stimulus' and 'developmental processes' were enriched in T. parvula, whereas genes in the subcategory 'signal transduction' were underrepresented (Fig. 2c) . In the GO class 'molecular function' , we found the subcategories of 'transporter A. thaliana chromosomes 1-5 are depicted as red, green, yellow, purple and blue, respectively, with the centromeric regions indicated by black bands. T. parvula contigs are represented by gray blocks. Regions containing more than 75% similarity over a minimum of 2,000 bp with maximum gap allowance of 1,000 bp are connected with lines of colors matching those used for coloring the A. thaliana chromosomes. Ticks in each chromosome or contig block indicate lengths in 1 Mb. The distributions of protein coding regions and repetitive sequences are shown in the outer circles, with the percentage of protein coding genes, DNA transposons and retrotransposons shown in blue, yellow and orange, respectively, with a window size of 0.1 Mb. In the T. parvula contigs, predicted protein coding genes without BLASTn hits (e value < 0.0001) against the A. thaliana cDNA database are shown in green. l e t t e r s activity' and 'receptor binding or activity' to be significantly different between the species (Fig. 2d) . Among genes annotated as performing transporter activities, the numbers of ATPase and nucleotide, cation and sugar transporters were significantly higher in T. parvula than in A. thaliana ( Table 2 ). These differences may reflect the different habitats and environmental pressures to which the species adapted. ATPase and nucleotide transporters with functions in pH homeostasis and cellular energy generation have, for example, been related to protection under salinity stress 13, 14 , whereas transport and accumulation of soluble sugars or polyols are considered key mechanisms that provide osmotic stress tolerance 15 . We found the most significant difference in gene copy numbers for transporters of cations other than Na + and K + , perhaps reflecting the adaptation of T. parvula to soil not only containing saline but also imbalanced in other ions 2, 16 . Gene copy number variation has also been proposed as a major mechanism of phenotypic differentiation and as reflecting evolutionary adaptation to the environment [17] [18] [19] . The T. parvula genome included 1,842 more predicted ORFs than protein coding cDNAs in A. thaliana (Supplementary Fig. 3 ). Mirroring the observed differences in the GO subcategories, the T. parvula genome contained higher copy numbers of orthologous genes related to stress adaptation, for example, AVP1, HKT1, NHX8 (ref. Table 4) .
Gene duplication as a vehicle for evolution has long been hypothesized 22 , and experimental evidence of this has recently been accumulating 7, [23] [24] [25] . In both T. parvula and A. thaliana, the major role in generating copy number variation has been played by tandem gene duplication ( Fig. 3a) rather than by large gains or losses in segment composition following the A. thaliana and T. parvula divergence after the most recent whole-genome duplication 3 . We found a total of 1,278 and 1,113 tandem duplication events in the T. parvula and A. thaliana genomes, respectively. Only half of these were shared between the two species ( Fig. 3b and Supplementary Table 9 ). Inspection of the GO class representation of tandem duplications revealed significantly different GO 'biological process' (Fig. 3c) and GO 'molecular function' (Fig. 3d) subcategories. Differences in gene numbers in the subcategories 'response to abiotic or biotic stimulus' and 'developmental processes' (Fig. 2c) were most prominent among genes multiplied by tandem duplication (Fig. 3c) , as supported by substantially lower P values (Supplementary Table 8) .
Finally, Figure 4 and Supplementary Table 10 show the assembly of the T. parvula contigs into the seven chromosomes that characterize a ti o n a n d b io g e n e s is E le c tr o n tr a n s p o r t/ e n e r g y T r a n s p o r t S ig n a l tr a n s d u c ti o n T r a n s c r ip ti o n R Other receptors 66 64
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Red and far-red receptors 4 4 a The total number of genes annotated as transporters or receptor binding or activity is not the sum of annotated genes in each subcategory. Some of the genes have multiple functions and are involved in multiple classes. b Subcategories showing significant differences (based on χ 2 tests, see Online Methods). The P values of individual categories are: ATPases, P = 0.098; nucleoside and nucleotide transporters, P = 0.091; other cation transporters, P = 0.0001; sugar transporters, P = 0.0095; and disease resistance-related, P = 0.0022. l e t t e r s this species. The evolution of chromosome structures in Brassicaceae has previously been traced through comparative 'chromosome painting' techniques using BAC-size sequence probes from the A. thaliana genome 26 . With these techniques, Lysak and colleagues 26 identified large genome segments, termed A to X, derived from an ancestral karyotype (n = 8). These ancestral karyotypes can be found in different assemblages in chromosome structures of different Brassicaceae clades 26 , including A. thaliana 27 (Fig. 4a) and Eutremeae 28 (n = 7). Using these as guides, the 40 largest T. parvula contigs could be unambiguously assembled into seven chromosomes 28 covering 114.39 Mb (83% of the draft genome) (Fig. 4b and Supplementary Table 10 ). Each of these has a distinct, repeat-rich region, signifying the centromere (Fig. 4c, outer histogram) . That the five largest contigs (c1-c5) covered the entire lengths of single chromosome arms attests to the quality of the de novo assembly. It is further noteworthy that the genomic regions in T. parvula contigs c2 and c3, although showing extensive rearrangements compared to the A. thaliana genome sequence, matched distinct ancestral karyotype blocks ( Supplementary Fig. 4a , ancestral karyotype blocks R and W for c2, and Supplementary Fig. 4b , ancestral karyotype blocks V, K, L, Q, V′ and X for c3). Thus, our model for the T. parvula chromosomes provides sequence-based evidence for the Lysak model for crucifer species with n = 7, including the clade Eutremeae 28 . It also defines the boundaries of ancestral karyotype blocks more clearly and suggests more detailed structure than can be captured by chromosome painting experiments alone. This is particularly clear with respect to ancestral karyotype block V, which, based on sequence information, was divided into the blocks V and V′ in the T. parvula genome ( Fig. 4b and Supplementary Fig. 4b ). Also, ancestral karyotype block I extended to the pericentromeric region of T. parvula chromosome 4 (Fig. 4b,c) rather than falling entirely to one side of the centromere, as previously indicated by the chromosome painting experiments in various crucifer species with n = 7 (ref. 28) . A number of angiosperm families include extremophile species, although fewer than 10% of all plant species may be classified this way. Extremophiles' presence in evolutionarily distinct lineages reveals genetic complexities that appear to have evolved from the common genetic makeup of all plants. In adaptation to various combinations of environmental stresses, these extremophiles show tolerance of stresses against which crop plants in particular have no defenses. Knowing how extremophiles operate can, however, instruct us about the underlying genetic requisites and mechanisms for successful stress defenses. In this report, we have now shown that it is possible to determine the genome sequence of extremophiles, as well as model glycophytes, exclusively relying on next-generation DNA sequencing tools and de novo assembly.
The availability of the T. parvula genome provides a unique view of chromosome structure, organization and gene complement. Of particular importance is the comparison of this genome with that of the related A. thaliana, which is unquestionably a stress-sensitive species. In our by recording the numbers of genes included or not included in a subcategory for each species and ranking the statistical significance of the differences.
